Abstract-A superconducting fault current limiter of the transformer type (inductive FCL) based on magnetic coupling between a superconducting element and a protected circuit has been investigated by many authors for various parameters and performances of a superconducting element. Another design of the device preventing high short-circuit currents is a self-limiting transformer combining the functions of a usual power transformer with the functions of a current limiter. In the present work we compare the parameters, operation and application of these two devices. The operation of the devices is investigated experimentally on small models fabricated using the same superconducting element. The parameters of the full-scale devices are evaluated. It is shown that the requirements to superconducting elements are practically the same for both devices.
I. INTRODUCTION
T O REDUCE fault currents, different fault current limiters (FCLs) were proposed, among them superconducting (SC) devices based on a fast transition from the SC state to the normal state. One design-an inductive limiter based on magnetic coupling between an SC element and a protected circuit-was investigated by many authors for various parameters and performances of a superconducting element [1] . Typically this device is a two-winding transformer with a primary normal metal winding inserted in series into the circuit to be protected and a SC short-circuited secondary winding, which undertakes the superconducting-normal state transition (S-N transition) under an excess current in the circuit. The secondary coil in an inductive FCL based on high-temperature superconductors (HTS) is frequently performed in the form of a set of HTS rings or cylinders [2] , [3] . As an alternative design, multiple-turn SC coils short-circuited by SC switching elements were considered [1] , [4] . In the last case only the switching element undertakes the S-N transition under a fault while the secondary coil remains in the SC state. Several high power prototypes of SC FCLs have been built and successfully tested showing feasibility of various proposed concepts for application in power electric systems [1] - [3] . The inductive design was used as a basis for the development of more complicated power devices combining functions of voltage transformation and the current limitation [4] , [5] .
In the present paper we consider two devices providing current limitation under faulty conditions: an inductive FCL and a current-limiting transformer (CLT). The design, operation, testing and analysis of applicability of inductive FCLs have been reported in many works [1] - [4] . In this paper we focus on the properties of a CLT and its basic differences from the FCL.
II. DESIGN AND OPERATION OF A CLT
The design of a CLT (Fig. 1 ) was first proposed in [5] . The device constitutes a single-phase transformer with two additional windings and located on the same leg: SC winding is short-circuited by a SC switching element, the second, , is counter-connected in series with the main secondary winding so that the voltages induced in the windings are of opposite signs. The numbers of turns in the windings and are chosen so that electromotive forces induced in them are compensated if the SC winding is opened. The designs of the SC winding with a switching element are similar to the design for an inductive FCL. The simplest performance is a set of the hollow cylinders or rings.
As for a FCL, two regimes of the device operation have to be considered. Under nominal regimes of the protected network, the SC short-circuited winding compensates the magnetic flux in the right leg, (Fig. 1) . Therefore the voltage on winding is zero. Magnetic flux in the central leg is determined by the rated voltage applied to primary winding ( is the angular frequency). The same flux, , exists in the left leg. The device operates as a usual single-phase transformer. Under a fault, the increase of the current in the secondary circuit leads to the increase of the current in the SC winding and it passes into the normal state. The magnetic flux penetrates now in the right leg. As two sections of the secondary windings are counter-connected, the secondary voltage decreases drastically and the fault current is deeply limited. Under an ideal compensation the secondary current goes to zero. If the resistance of winding is much higher than its inductive reactance the complete compensation is achieved at [6] . While the FCL action is based on inserting additional impedance in a circuit, the limiting property of a CLT is provided by the compensation of the voltage in the secondary circuit.
III. EXPERIMENTAL INVESTIGATION
A model has been build using an E-type ferromagnetic core of with an air gap of about 1.5 mm. The number of turns in the windings are , , . The SC winding is created by a SC hollow BSCCO cylinder, prepared by Nexans GmbH, with the outer diameter of 70 mm, the wall thickness of 2.5 mm, the height of 25 mm, the critical current density of 970 at 77 K and the critical temperature of 105 K. The model allows us to experimentally investigate the operation of an inductive FCL and a CLT. The FCL is modeled if winding is connected in series into a protected circuit and windings and are opened. The FCL impedances are 1.6 and 17 when the cylinder is in the SC and normal state, respectively. The operation of the FCL model is presented in Fig. 2 . The CLT is modeled if all the windings are connected as shown in Fig. 1 . Fig. 3 presents the results of the fault experiment in the circuit with the CLT model.
In both cases of the FCL and CLT applications, there are common features of a current limitation:
• strong limitation of a fault current (non-limited current is higher about 8 times); • devices limit the first peak of a fault current without appearance of dangerous overvoltages; • the S-N transition in the cylinder is observed at the current in winding of 3.5 A. This is in well agreement with the theoretical results [6] predicting that the activation current is determined only by the turn number and current in winding . Fig. 2 shows that the FCL impedance increases with time but does not achieve the impedance when the cylinder is in the normal state. It indicates an incomplete S-N transition. Even in this regime the FCL sufficiently limits a fault current. The incomplete S-N transition can also be a cause of moderate limitation (above the nominal current) of a fault current in the secondary circuit of the CLT [ Fig. 3(b) ]. Another reason can be an incomplete compensation of the electromotive forces induced in windings and . The incomplete compensation, relatively large leakage reactance and low magnetizing reactance result in practically unchanged primary current and voltage during a fault [ Fig. 3(a) ]. In a full-scale device the compensation can be improved by adjustment the turn number in winding with taking into account leakage fluxes and a finite resistance of the SC winding during a fault limitation. At the complete compensation, the primary current would be of the order of the magnetizing current (a percent of the rated current).
IV. CALCULATION OF THE DEVICE PARAMETERS
The requirements and calculation methods for an inductive FCL have been discussed in detail [1] . The parameters of a FCL are determined by the required impedance for current limitation, admissible impedance in the nominal regimes of protected circuit, activation current of the device, and admissible loss value under a fault. Specifically, the reactance of the FCL primary winding (magnetizing reactance) can be varied in a wide range adjusting to the desired level of the fault current limitation. The core diameter, turn number in the primary winding are functions of .
The CLT should meet to the requirements to both the transformer and the fault current limiter. Therefore, the magnetizing reactance of the CLT is determined as for a usual transformer from the condition of a small magnetizing current (about 0.5% of the rated current). The core diameter and turn numbers and are determined solely by the power per phase and the reactance of the transformer with closed secondary winding [7] : (1) where the coefficients and depend on the design features of the windings and magnetic core, isolation gaps, maximum magnetic flux density in the core (for -30 MVA, and in units of SI). The current limitation level in the CLT is determined by the ratio and can be varied by the change of the turn number . However the variation of is also limited [6] : if magnetic flux in the right leg under fault becomes higher than in nominal regimes and, therefore, larger diameter is needed. On the other hand, the critical current and volume of the SC switching element increase with the turn number . At the secondary current is limited till zero and further increase of the number leads to growth of this current.
The SC switching element for both the devices is calculated similarly. Calculation principles for a FCL can be found in [1] . As differentiated from the FCL, the required critical current of the switching element of the CLT is determined by the multiplication of the turn number in winding and the activation current referred to the secondary winding [6] . Let us evaluate the parameters of full-scale FCL and CLT for the same circuit. Consider the case when an inductive FCL is installed in each phase of a three-phase 35/11 kV, 45 MVA transformer from low-voltage side, i. e. into a circuit with the phase voltage of 6.3 kV and rated current of 2400 A. As an alternative, we will consider 3 single-phase 20/6.3 kV, 15 MVA CLT, wye-wye connected. In both cases, the SC windings are performed in the form of hollow BSCCO cylinders which serve also as switching elements. Let the critical current density is , the critical temperature is 105 K. The basic parameters of the FCL and CLT for several different values of the limited current are given in Table I .
The temperature rise of the cylinder is estimated in adiabatic approximation assuming that homogeneous cylinders fast pass into the normal state and keep this state all the time of limitation. The final temperature of the cylinder after fault clearing (recovery of the nominal load in circuit) is also presented in the table. The estimates of the temperature rise show that not in all the cases the cylinder is heated up to the critical temperature. Therefore the cylinder can be in the resistive state with the resistance lower than the normal state resistance taken in the estimations. To study the operation of the device and the cylinder heating in more details, we performed the simulation of transient processes in a single-phase circuit with the CLT. The sim- where is the primary terminal voltage; and are the temperatures of the superconductor and the coolant, respectively; is the heat capacity of the cylinder; is the cooled surface; is the heat transfer coefficient, , and are the current, resistance and inductance of the winding with the turn number ( , 2, 3, s), index relates to the superconducting winding; and are the resistance and self-inductance of the load connected to the secondary winding ( , 3); is the mutual inductance of windings and ; is the voltage drop across the switching element. The superconductor was approximated by a non-linear voltage-current characteristic including three parts corresponding to the flux creep, flux flow and normal state [1] , [9] .
The simulation results for the CLT with are shown in Fig. 4 and the refined values of the temperature rise-in Table I in brackets. For the final steady-state temperature after the nominal load recovery, the simulation and estimation results coincide.
V. DISCUSSION
Both devices, FCL and CLT, limit successfully fault currents even in cases when the switching element resistance is lower than the reactance of the SC winding. Limiting effect is achieved also at the incomplete transition of the element into the normal state [ Fig. 4(a) ]. In this case, the initial stage of the process is characterized by higher limited current and losses in the super- conductor. The last explains higher values of the temperature rise obtained by the numerical simulation than those derived from the adiabatic approximation.
As one can see from Table I , the CLT design based on a SC cylinder leads to the deep current limitation (below ) for all real relationships between and while the FCL design allows the wide range of limited currents. Recovery of the SC state in the cylinder without non-current pause can be realized only with the FCL (limited current ). In other cases the SC state recovery is possible only within a sufficient non-current pause [ Fig. 4(b) ].
Note that the deep current limitation is problematic also from point of view of the stability of the SC state. As follows from Table I , the normal state in the cylinder can exist at currents below the nominal value. Fig. 4 shows that the temperature rise continues when the current is below the rated one. One possible solution of these problems could be the substantial increase of the critical current density leading to the decrease of losses and temperature at recovery of the nominal regime.
One obstacle for building transformers with lower leakage reactance is the necessity to provide an admissible level of fault currents. Unique properties of the CLT-possibility to limit both the transient and steady-state currents-allow one to build transformers with low leakage reactance.
